How do the characteristics of sounds influence the allocation of visual-spatial attention? Natural sounds typically change in frequency. Here we demonstrate that the direction of frequency change guides visual-spatial attention more strongly than the average or ending frequency, and provide evidence suggesting that this cross-modal effect may be mediated by perceptual experience. We used a Go/No-Go color-matching task to avoid response compatibility confounds. Participants performed the task either with their heads upright or tilted by 90°, misaligning the head-centered and environmental axes. The first of two colored circles was presented at fixation and the second was presented in one of four surrounding positions in a cardinal or diagonal direction. Either an ascending or descending auditory-frequency sweep was presented coincident with the first circle. Participants were instructed to respond to the color match between the two circles and to ignore the uninformative sounds. Ascending frequency sweeps facilitated performance (response time and/or sensitivity) when the second circle was presented at the cardinal top position and descending sweeps facilitated performance when the second circle was presented at the cardinal bottom position; there were no effects of the average or ending frequency. The sweeps had no effects when circles were presented at diagonal locations, and head tilt entirely eliminated the effect. Thus, visual-spatial cueing by pitch change is narrowly tuned to vertical directions and dominates any effect of average or ending frequency. Because this cross-modal cueing is dependent on the alignment of head-centered and environmental axes, it may develop through associative learning during waking upright experience.
Introduction
In everyday experience, hearing a sound guides our visual attention to the location of the sound source (e.g., Bolognini, Frassinetti, Serino, & Ladavas, 2005; Driver & Spence, 1998; Frassinetti, Bolognini, & Ladavas, 2002; Stein, Meredith, Huneycutt, & McDade, 1989 ; for review see Talsma, Senkowski, Soto-Faraco, & Woldorff, 2010) . More surprisingly, even when sounds come from a single location, different sounds can guide visual attention in distinct ways. For example, characteristic sounds (e.g., a dog bark) speed and guide eye movements toward congruous pictures (e.g., a dog) in a visual-search paradigm even when the sounds provide no location information (Iordanescu, Grabowecky, Franconeri, Theeuwes, & Suzuki, 2010; Iordanescu, Guzman-Martinez, Grabowecky, & Suzuki, 2008) .
Sounds with no object-specific referent but with differing qualities, such as sounds with high versus low steady pitch or high versus low intensity, direct attention to the top or the bottom of the visual field, respectively (Ben- Artzi & Marks, 1995; Bernstein & Edelstein, 1971; Evans & Treisman, 2010; Melara & O'Brien, 1987; Patching & Quinlan, 2002; Pratt, 1930; Widmann, Gruber, Kujala, Tervaniemi, & Schroger, 2007; Widmann, Kujala, Tervaniemi, Kujala, & Schroger, 2004) . It is not yet clear whether such implicit sound-quality effects on spatial attention are the result of
